Abstract It has been shown that kidney transplantation results in superior life expectancy and quality of life compared with dialysis treatment for patients with endstage renal disease. However, kidney transplantation in children differs in many aspects from adult kidney transplantation. This review focuses on specific issues of surgical care associated with kidney transplantation in children, including timing of transplantation, technical considerations, patient and graft survival, growth retardation and post-transplant malignancy. At the same time, there is a large discrepancy between the number of available donor kidneys and the number of patients on the waiting list for kidney transplantation. There is a general reluctance to use paediatric donor kidneys, because of relatively frequent complications such as graft thrombosis and early graft failure. We review the specific aspects of kidney transplantation from paediatric donors such as the incidence of graft thrombosis, hyperfiltration injury and 'en bloc' transplantation of two kidneys from one donor with an excellent long-term outcome, which is comparable with adult donor kidney transplantation. We also discuss the potential use of paediatric non-heart-beating donor kidneys, from donors whose heart stopped beating with the preservation techniques used.
Introduction
Kidney transplantation is the treatment of choice in children with end-stage renal disease (ESRD) with long-term benefits in patient survival and quality of life compared with dialysis. In children, kidney transplantation is associated with a number of specific problems such as a higher chance of graft failure, post-transplant malignancy, growth retardation, and it may be a technical challenge to transplant a relatively large adult size kidney into a small paediatric abdominal cavity.These factors play an important role to decide at which age children with ESRD are preferably transplanted. Specific aspects and the outcome of kidney transplantation in the paediatric age group are addressed.
There is a large discrepancy between the number of available donor kidneys and the number of patients on the waiting list for kidney transplantation. To expand the donor pool organs from marginal donors are increasingly used including organs from older donors and non-heart-beating (NHB) donors, donors who do not meet the brain death criteria but die after cardiac arrest. Kidneys from paediatric donors may also be suitable for transplantation, including paediatric kidneys from donors who meet the brain death criteria and kidneys from NHB donors. Special issues of paediatric organ donation are discussed.
Timing
There is no absolute minimum age for paediatric kidney transplantation. Before 1980, infants and young children were only rarely transplanted because the relatively high risk of early graft loss and the high mortality which exceeded 20% in some series of children in this age group [1, 2] . However, more recently the results of renal transplantation in children have improved so that even infants with ESRD may be suitable candidates for renal transplantation. Many centres still prefer an age above 2 years and a weight above 15 kg, but infants aged 6 months and weighing \5 kg have been successfully transplanted [3] .
One of the potential limitations for renal transplantation in children is the size of the donor kidney. In the United States more than 50% of the kidneys transplanted in children are from living, thus adult donors [4] . In the Eurotransplant region (Austria, Belgium, Croatia, Germany, Luxemburg, The Netherlands, Slovenia), this percentage is 20%, but is increasing [5] . Transplantation of kidneys from donors younger than 5 years of age are preferably avoided in children as the risk of early graft failure is increased [6] . Therefore, adult size donor kidneys are almost universally used. Adult sized kidneys are placed into the paediatric abdominal cavity, usually without significant tension or respiratory compromise if the abdomen is closed.
A second potential disadvantage of kidney transplantation in infants and young children is the small blood volume and low cardiac output. These may be inadequate to guarantee sufficient perfusion of an adult size kidney, which is used to the higher blood pressure of the donor. Particularly ischaemically damaged grafts may easily fail if the early post-transplant blood pressure is too low [7] .
Delay of kidney transplantation is associated with the loss of precious years of growth potential [3] . Furthermore, transplanted children have a superior quality of life and avoid complications which are associated with dialysis such as dialysis peritonitis or venous access problems. The optimal moment to transplant a child with ESRD is just before dialysis becomes necessary, if there is a donor available. With a goal to transplant an adult size kidney the general approach of the Stanford group is to perform the transplantation in children of approximately 10 kg and at least 6 months of age [3] . In children who do not tolerate dialysis or do not grow, transplantation can be done at lesser weight.
Technical considerations
In adults, the most common approach to transplant a kidney is extraperitoneally with an incision above the left or right groin. Kidneys are anastomosed with the common or external iliac artery and vein. In children this approach carries two disadvantages. First, there is a size mismatch between the available extraperitoneal space and the adult sized donor kidney, and, secondly, the recipient artery may be small compared with the artery of the graft that make the vascular anastomosis more difficult and may jeopardise the blood pressure and blood flow which is required for the donor kidney to survive. Therefore, kidney transplantation in children below the of age 5 years is generally done through a midline incision and the graft is placed into the peritoneal cavity. The donor vein is anastomosed with the caval vein of the recipient, which is clamped during the venous anastomosis. Immediately after the venous anastomosis has been completed, the clamp on the caval vein is released and the renal vein is selectively clamped with a bull dog. Next, the donor artery is either anastomosed with the distal aorta, to obtain the best arterial inflow, or with one of the common iliac arteries. The latter avoids a complete occlusion of the aorta which is associated with temporary acidosis of both lower extremities. The decision which artery is chosen depends on the size of the arteries and the position of the renal graft. The cold graft is placed in the preferred position. The donor vessels are often amputated and may be spatulated to ensure a wide anastomosis and to avoid kinking which may lead to impaired blood flow and to non-function of the graft. It is questionable if the graft has to be additionally cooled during the anastomosis time. It often requires a longer period of time to make an anastomosis in children than in adults, but given the size of the kidney and the absence of flow, the warming up is probably slow and unless there are technical difficulties the anastomosis time is not a risk factor for graft failure.
The ureter of an adult size kidney is long and wide enough to obtain a wide ureter-bladder anastomosis. The ureter is cut and shortened to obtain the best vascularisation of the anastomosis. Interrupted sutures of a spatulated ureter further minimise the risk of ureteral stenosis. Temporary ureteral stenting may reduce the risk of ureteral stenosis, but is associated with a higher risk of urinary infection. However, this can be successfully treated with antibiotics [8] . A further disadvantage of a stent is the need to remove it some weeks after transplantation.
Particularly in young children one of the main causes of ESRD is obstructive uropathy. Outflow obstruction, small capacity or poor function of the bladder predisposes to vesicoureteral reflux of the transplanted kidney. In these patients an antireflux procedure is imperative. There are different intra-and extravesical techniques to make a ureter-bladder anastomosis; the choice depends on the anatomy and previous surgery.
Patient and graft survival
The life expectancy of children with ESRD and a renal transplantation is an estimated 20-25 years shorter than of the normal population [9] . The high mortality in children is caused by associated cardiovascular disease and less frequently by infection [10, 11] . Superior long-term results of kidney transplantation and prolonged immunosuppressive treatment may increase the future incidence of malignancy as important cause of transplant recipient death. It should be considered that the relatively poor longterm survival of children with ESRD is based on the relatively few and retrospective results. The results of paediatric transplantation and immunosuppression have improved substantially over the last decades with unknown effects on late survival. Presently, the 5-year patient survival after transplantation of children with ESRD is higher than 95% with only minimal difference between recipients of living and deceased donor grafts.
Graft survival following paediatric transplantation is highly dependent on donor source. Living donor recipients have better graft survival than deceased donor recipients. In the United States, Eurotransplant region and centres in the United kingdom the 5-year graft survival of living donor recipients is between 80 and 90% [5, 12, 13] . For deceased donor kidney recipients, the 5-year graft survival is 10-20% less than for living donor grafts depending on other risk factors such as recipient age, dialysis and the cause of ESRD.
The most common cause of graft failure in young recipients in the first year after transplantation is graft thrombosis. This complication results in almost universal graft loss [14] . Its incidence in children is between 2 and 3%, but may be as high as 10% in children younger than 5 years [15] . The risk of graft thrombosis is further associated with previous treatment of peritoneal dialysis, deceased donor source, prior transplantation and prolonged cold ischaemia time. The use of the interleukin (IL)-2 receptor antagonists basiliximab and daclizumab as induction immunosuppressive therapy decreases the risk of graft failure due to thrombosis compared with other immunosuppression as OKT3 [15] . Acute rejection is a second important cause for early graft loss and depends amongst others on HLA-matching and the immunosuppressive regimen.
Despite the higher incidence of graft thrombosis and the inferior graft survival in the first year after transplantation, children aged 5 years or less have an excellent long-term graft outcome. Survival curves show a long-term graft survival advantage in recipients aged 5 years or less compared with older children and adolescents. This advantage is shown clearly by the United Network for Organ Sharing (UNOS) data with a estimated graft half-life of more than 26 years in living graft recipients [16] . In contrast, the half-life of a living donor graft in adolescents is below 10 years which is less than the graft survival in children aged 6-12 years and adults. This relatively poor outcome is caused by long-term adverse events rather than events in the first year after transplantation as the initial results of adolescent transplantation are excellent [17] . Poor compliance to immunosuppression is only partly responsible for the high incidence of graft loss [18] . In adolescents rejection, reversal outcomes are worse than in other age groups which supports the opinion that more vigorous immune response which decreases at older age may play an important role [4, 19, 20] .
The most important cause of late graft failure is chronic rejection that accounts for almost one-third of the graft losses in a series of 7,123 paediatric transplant recipients [21] . Acute rejection is a strong correlate and risk factor for chronic rejection graft loss. Prior to transplantation and, in the United States, African American recipient are additional risk factors [21] . Long-term graft survival is better in nondialysed than in previously dialysed patients and largely depends on the duration of dialysis [22] [23] [24] . In a group of 1,113 European paediatric kidney transplant recipients the relative risk of graft failure increased with 67% in children with more than 2 years of dialysis compared with children with a pre-emptive transplantation [5] . Long-term graft survival further depends on the underlying disease, which prevalence is listed in Table 1 . Structural abnormalities such as reflux, posterior urethral valves and congenital kidney disease have a better outcome than ESRD caused by focal segmental glomerulosclerosis (FSGS), membranoproliferative glomerulonephritis (MPGN)-2, or haemolytic uraemic syndrome (HUS) [13, 25, 26] . In recipients with the original diagnosis FSGS, the disease recurs in 30-40% after transplantation. The percentage is adversely affected by young age at presentation and rapid progression to ESRD. In half of the patients with recurrence the graft fails. Therefore, the 5-year graft survival in recipients with FSGS is approximately 10% less than in other paediatric transplant recipients. MPGN is a rare kidney disease with complement deposits within the glomerular basement membrane and usually progresses to kidney failure. After transplantation, it recurs in most patients with a significantly worse 5-year graft survival than other pediatric transplant recipients: 50% versus 74%, respectively [26] . Recurrence of HUS is reported in 50-70% of the transplanted patients and is particularly high in atypical, no diarrhoeal HUS. Moreover, there is a relatively very high incidence of early artery or vein thrombosis so that in 50% of patients with HUS graft loss will occur within a year after transplantation [27] .
Residual voiding disorders in patients with neuropathies may also jeopardise late graft function due to high pressure reflux or recurrent urinary tract infection [28] . However, bladder augmentation or urinary diversion prior to transplantation reduces the risk of graft loss so that voiding disorders hardly influence eventual graft function or graft survival.
Growth
Growth retardation is an important side-effect of chronic renal insufficiency. It is caused by nutritional deficiencies, metabolic disturbances and effects on the growth hormone axis. Dialysis does not improve growth velocity or pubertal development [29] . Despite the pre-transplant use of growth hormone, the majority of young adults with ESRD have a height below -2SD score [30] .
Renal transplantation may increase growth velocity in children with ESRD with eventual increase in the adult height. Factors that influence catch-up growth are age and height at the moment of renal failure, the moment of transplantation, level of transplant function and dose and frequency of corticosteroid treatment [31, 32] . Children younger than 4 years have the largest benefits from transplantation. Their growth velocity increases with more than 3 cm/year compared with children on dialysis [33] . In children who receive a transplant post-puberty, acceleration of growth velocity and adult height are much less than in children who are transplanted at younger age. Despite the positive influence of renal transplantation on growth velocity, the final adult height of children with ESRD remains less than of the normal population.
Corticosteroids, given after transplantation, have a negative influence on longitudinal growth that can be diminished by steroid-free immunosuppression or by the reduction of the frequency of administration from once daily to alternate daily [34, 35] . The post-transplantation administration of growth hormone improves growth velocity in both pre-pubertal and pubertal children without effect on renal function or increase of the occurrence of acute rejections [36, 37] .
Post-transplant malignancy
Malignancy is a major cause of post-transplant mortality and morbidity. With the increased post-transplant survival its incidence has increased in the last decades and the mortality in adult renal transplant recipients may be as high as 20%, 10 years after transplantation [38] . In paediatric transplant recipients, the incidence of malignancy is lower but the number of transplant patients with long-term follow-up is relatively small and the incidence is rising [39] . In children with ESRD, the probability of developing a malignancy within 25 years after renal replacement therapy is estimated at 17%.
The majority of malignancies in renal paediatric transplant patients are skin cancers (40-50%), predominantly squamous cell carcinoma, and post-transplant lymphoproliferative disorders (PTLD) in approximately 30% of the transplanted patients. Other relatively common malignancies include gynecological tumours and Kaposi's sarcoma. Post-transplant malignancy is related to the cumulative doses of immunosuppression. The immune surveillance is decreased while the depressed immune system is stimulated by antigens from the transplanted tissue or organ, repeated infections and possible blood transfusions [40] . PTLD is promoted by Epstein-Barr virus (EBV) infection, which may be transferred from an EBV-positive donor organ to an EBV-negative recipient. EBV can also become more pathogenic in previously infected asymptomatic patients. The risk of PTLD depends on the patients age, on the immunosuppressive regimen and is greatest in the first year post-transplantation.
The risk of malignancy can be reduced by appropriate low dosing of immunosuppressive medication and by the use of less carcinogenic immunosuppressive agents such as sirolimus. Antiviral therapy to reduce PTLD in children after EBV-positive solid-organ transplantation seems logical but its value to prevent malignancy has not been proven. The treatment of post-transplantation malignancies includes local excision of skin cancer and chemotherapy for refractory PTLD. Standard chemotherapy for nonHodgkin lymphoma shows a high percentage of complete remission, but approximately 30% of the children still die within 2 years [41] .
Paediatric donors
The first paediatric donor kidney transplantation was described in 1964. In the following decade, the number of paediatric donor kidneys increased but the quality of the organs was generally considered as poor with a relatively short graft survival and a high incidence of complications. In 1974, it was concluded from an analysis of the American College of Surgeons/National Institutes of Health Transplant Registry (ACS/NIH) database that these kidneys had an inferior but, given a shortage of donor organs, acceptable level of function in adults [42] . Since then, improved transplantation techniques and superior immunosuppression have improved the results of transplantation from paediatric donor kidneys, so that, apart from kidneys from donors younger than 5 years, this group of kidneys is increasingly seen as a valuable expansion of the donor pool. There is still reluctance to transplant donor kidneys from children aged \5 years. The technical surgical challenge, the high incidence of arterial and venous thrombosis, the relatively high incidence of early rejection and potential hyperfiltration damage to the transplanted kidney are risk factors for graft failure or may compromise graft function [6, [43] [44] [45] [46] . Moreover, the renal mass of the small paediatric donor kidney may be insufficient to meet the metabolic demands of the larger recipient. There is a strong correlation between initial renal mass and the eventual graft function in adults [47] . On the other hand, young donor kidneys exhibit better capacity to adapt to the recipient organism. They are able to increase glomerular filtration, caused by a suggested reserve capacity for growth or compensatory hypertrophy [48] .
The number of available paediatric donor kidneys has decreased over the last two decades. Data from the Organ Procurement and Transplantation Network (OPTN) in the United States shows that the percentage of the available paediatric donor kidneys from the total number of deceased donor kidneys has decreased from 27% in 1988, to 19% in 1998 and to 10% in 2008 (donor age 0-17 years) [12] . Also, in the Eurotransplant region the proportion of pediatric donors has decreased from 9% in 1994 to 3,6% in 2007 (donor age 0-15 years) [49] . The distribution within this paediatric donor cohort remains the same with the vast majority of donors between the ages 11 and 18 years [12] . The reason of the relative decreased number of paediatric donors remains unknown, but extension of the adult donor criteria with donors of old age and non-heart beating (NHB) donors, and safety measures for children such as helmets for cyclists and seat belts in cars, with consequently a reduction of the number of brain dead children, may play an important role.
Heart beating and NHB donor kidneys
The majority of the paediatric organ donors are organs from heart beating (HB) donors, donors after brain death [12] . The organs are procured from a ventilated patient with intact circulation, so that the warm ischaemia time of the donor organs is very limited. Depending on the age of the donor, kidneys are procured as single kidneys or 'en bloc', so that both donor kidneys can be used in one recipient.
A minority of paediatric donor kidneys are obtained from NHB donors, donors who die after cardiac arrest. NHB donation is done when brain death cannot be assessed or if the criteria for brain death are not met. Owing to the shortage of donor organs, NHB donation has been popularised over the last decade. Presently, 10-20% of the adult donor kidneys in selected centers in the United States are from NHB donors; this percentage is increasing rapidly. In the Netherlands, this percentage has even mounted to 50% for adults. Other countries in Europe with a relatively large proportion of NHB donors include the United Kingdom and Spain. In Germany, legislation stipulates that organs can only be taken from brain dead donors and excludes NHB donation and transplantation. Although implementation of NHB donor programs within adult hospitals has substantially increased over the last few years, advancement in children's hospitals lags behind. More attention is drawn to find ways to implement protocols for paediatric NHB donation in the critical care setting of many centres. The percentage of paediatric NHB donors of the total number of paediatric donors in the United States has increased from \1% in 1997 to 8% in 2006 [12] . In The Netherlands, 20% of paediatric donor kidneys in the past 20 years has been from NHB donors [49] .
Non-heart-beating donors can be categorised in to four groups, which are listed in Table 2 [50] . Donation after withdrawal from treatment (category 3), usually when ventilator support is discontinued in the intensive care unit (ICU), or after cardiac arrest in brain dead donors (category 4) are considered as 'controlled donation', while donation of patients who have died outside the hospital (category 1) or who die after failed resuscitation (category 2) are referred to as uncontrolled. In the latter two, the inevitable period of warm ischaemia after circulatory arrest is not exactly known so that the warm ischaemic damage to the organs has to be estimated. To minimise warm ischaemic damage to the organs, it is essential to cool the organs as fast as possible. Different preservation techniques are possible.
Preservation techniques
In controlled donors treatment can be discontinued in the operating theatre or in the ICU.
When the heart has stopped beating, patient death is declared by an independent physician. After an obligatory no-touch period of 5 min without invasive actions to ensure irreversible brain damage that can be compared with brain death, a laparotomy can be performed to insert preservation catheters into one of the common iliac arteries or into the aorta. In this way, cold preservation fluid can be infused to preserve the organs. Next, the aorta is clamped below the diaphragm and the abdominal organs are additionally cooled by pouring cold saline into the peritoneal cavity. Patients who die in the ICU can be rushed to the operating theatres as soon as possible after death. It is essential that the procedure and the need for urgent preservation of the organs is carefully discussed with the parents or relatives.
In uncontrolled donors or if the parents are reluctant to a rush from the ICU, organs can be preserved at the bedside after the declaration of death with the help of a doubleballoon triple-lumen (DBTL) catheter [51] . This catheter allows organ preservation with the help of a minimal surgical procedure. The aorta is occluded proximally and at the bifurcation and the organs with the origin between the balloons are cooled (Fig. 1) [52] . A 16 Ch DBTL catheter is available for adults and adolescents with an intra-balloon distance of 25 cm and a fully inflated balloon diameter of 40 mm (AJ6516, Porgès, France) and a smaller 12 Ch catheter for children between 5 years and approximately 12 years of age, with an intra-balloon distance of 15 cm and a balloon diameter of 30 mm (61.630.12.080, Meddev, Holm, Germany). The choice for either catheter depends on the sex and the size of the child. The DBTL catheter is introduced into one of the femoral arteries through an arteriotomy. The abdominal balloon of the catheter is inflated with half of the maximum volume so that the balloon can be retracted until it hooks onto the aortic bifurcation. Subsequently, both the abdominal and the thoracic balloons are fully inflated and blood is drawn for chemistry, virological screening, and blood group typing. An infusion system is connected to the catheter and cold perfusate is infused until donor nephrectomy in the operating theatres. A Foley catheter into the femoral vein allows perfusate outflow. After the catheters have been fixed and the inguinal wound has been closed the parents or relatives have the opportunity to visit the deceased patient, before the patient goes to the operating theatre to procure the organs. According to Dutch legislation, in situ preservation is allowed before consent for donation is obtained from the relatives [53] . In case the relatives are not immediately available, this minimally invasive procedure ensures organ viability and empowers families with the opportunity to decide about donation [54] .
A third method to preserve organs from NHB donors is to connect the donor to an extra corporeal membrane oxygenator (ECMO). This procedure is relatively complicated and has not been reported for children.
Graft survival
Early graft survival of paediatric donor kidneys is slightly lower than for adult donor kidneys, particularly for kidneys from the youngest donors. This difference is to a large extent caused by graft thrombosis, which is reported in 3.1-12.5% of the cases [6, [55] [56] [57] [58] . In the majority of the recipients with graft thrombosis, it is present within a week after transplantation, but it can also occur in a later stage [6] . It requires a meticulous surgical technique to anastomose a relatively small artery or vein. The anastomosis is easier if an aortic donor patch is used for the anastomosis instead of using the small, usually spatulated renal artery itself with a subsequent reduction in graft thrombosis. Other possible causes of graft thrombosis include a difference in blood pressure and vessel size between the donor and the recipient with turbulent and inadequate perfusion of the graft, torsion of the kidney and progressive thrombosis of a blind end of the aorta in 'en bloc' transplanted double kidneys [59] .
Hyperfiltration, a consequence of the dissimilarity between donor and recipient weight, is one of the causes of late graft failure in recipients of paediatric donor kidneys. If the number of donor glomeruli is too small to filter the recipients blood volume adequately, the graft adapts to the recipients weight by hyperfiltration. This is invariably associated with the glomerular hypertrophy followed by glomerular sclerosis and progressive worsening of kidney function, eventually leading to exhaustion. Transplantation of a bigger nephron mass could prevent kidneys from hyperfiltration [60] [61] [62] 48] . One of the methods to prevent hyperfiltration in kidneys with a relatively small number of glomeruli such as kidneys from young children is by transplanting double grafts. This technique has been described in 1969 when a child received an 'en bloc 'kidney graft from an anencephalic infant and which has functioned for more than 30 years [63] . 'En bloc' transplantation is increasingly used for kidney from donors at young age with favourable results. Improved surgical techniques to transplant 'en bloc' kidneys have further enhanced pediatric kidney donor transplant survival. Age, kidney size, and donor weight are used to decide if donor kidneys should be transplanted as double grafts or as two single grafts for two different recipients including donor age\1,\2,\3 or\5 years, graft length\6 cm, and donor weight \14 kg and \21 kg [55] [56] [57] [64] [65] [66] [67] [68] [69] .
Early graft survival of paediatric donor transplants is slightly lower than of adult donor kidney transplants. An analysis of the UNOS in 12,838 patients shows a small but significant difference in graft survival between paediatric donors and adult donors in favour of the adult group. One and 5-year graft survival of 82 and 62%, respectively, is reported after kidney transplantation from donors younger than 18 years and 84 and 62% after kidney transplantation from adult donors aged 18-50 [56, 69] . Kidneys from the youngest donors (0-5 years) have lowest graft survival of 74 and 56% at 1 and 5 years (n = 2,198). A comparison of graft survival of 1,175 single transplants from pediatric donors and 24,530 single kidney transplants using 'ideal' deceased kidney donors between age 19 and 36 years demonstrated that recipients of kidneys from paediatric donors were at a significantly increased risk for graft loss. On the other hand double 'en bloc' transplanted kidneys from the youngest donor group, have similar graft survival as ideal donors [56, 69] . A limited number of relatively small series of paediatric donor kidneys even report a significantly better long-term outcome for 'en bloc' transplanted double paediatric kidneys once they survive the early postoperative course with 5-year survival rates of 76 and 82% [57, 58] . In these analyses survival is censored for early graft loss.
Little is known about the graft survival of NHB donor kidneys. Only a small series of 24 patients who received a paediatric NHB donor kidney shows excellent graft survival which is comparable with the results of transplantation of adult NHB donor kidneys [70] .
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